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Co/Pd multilayer thin films consisting of Co layers between 2-25 ,~, and Pd layers of typically 14 A were prepared by rf 
sputtering. Hysteresis loops and the magnetization were measured parallel and perpendicular to the film plane. From these 
measurements and torque curves it was found that the muitilayers how a transition of the easy axis from an in-plane to a 
direction perpendicular to the film plane when decreasing the Co layer thickness below 10 to 6 ,~ depending on the sputter 
rate and sputter gas used (At or Kr). Below 4.5 ,~ Co layer thickness M~/M,  is nearly one. The coercivity increases with 
decreasing Co layer thickness also depending on the sputter parameters used and the thickness of the seedlayer. The 
hysteresis loops measured with the Kerr-tracer did not show much difference with those measured with the VSM. Although 
TEM photographs show very clearly a layered structure when a seedlayer is used, low angle X-ray measurements seem to 
indicate sharper interfaces in multilayers where no era  very thin seedlayer is used. From the recording point of view the 
best results (high coercivity, squareness and anisotropy) were obtained by using Ar gas at high pressure. 
I. Introduction 2. Experimental procedure 
Metallic magnetic multilayers are of interest 
because of the possibility to use them in mag- 
neto-optical storage applications. In these multi- 
layers the magnetic properties and the magneto- 
optical properties are strongly influenced by the 
thickness of the ferro-magnetic layer as well as 
the non-magnetic layer, the sharpness of the in- 
terfaces, the crystal structure, the texture and the 
number of layers. These properties in their turn 
are influenced by the process parameters. To 
study these effects samples of Co/Pd  multilayers 
were prepared by rf sputtering using Ar and Kr 
gas. Hysteresis loops were measured by VSM and 
Kerr-tracer, anisotropy constants by Torque mag- 
netometer, the structure by low angle X-ray and 
TEM measurements. 
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Co/Pd multJla5 rs were "f sputtered using a 
Leybold Z-400 system in which one target posi- 
tion was used to fix two small targets of 4 cm 
diameter. The substrates were positioned below 
the targets on a rotating table and at a distance 
of 4 cm. Si(100) wafers were used as substrates. 
The sputtering chamber was evacuated with a 
turbo-molecular pump to a background pressure 
of typically 1 x 10 -7 mbar. The thickness of the 
Co and Pd layers (tco and tpd) was determined by 
measuring the exposure time combined with Dek- 
tak or low angle X-ray measurements. Three dif- 
ferent Ar pressures (PAr = 1.2 x 10 -2,  3.2 x 10 -2 
and 7.5 x 10-2 mbar) were used with correspond- 
ing rates of 0.5, 0.9 and 1.2 ~,/s for Co and of 
0.8, 2.1 and 3.3 ,~/s for Pd, while at 7.5 x 10 -2 
mbar another ate was applied (1.5 ,~,/s for Co 
__ . - I  .4 A ~ /,~ ~c~,. DA]  h~tr ohmncr ln~ tho  rf  nnwer  
tlI I ILII ,-t,,-.l- / -~ /  ,~ I . t~l  I u /  v ) '  '~"Jt'u=Jt~::~'A~::9 " ' ' *  " -  r . . . . . .  
For Kr the pressure was kept constant (PK, = 6.5 
× 10 -2 mbar) and also the rate (1.0/~/s for Co 
and 2.8 ,~,/s for Pd). The number of bilayers (N) 
was typically 25 for all films. Most of the films 
were deposited on a seedlayer of Pd, which is a 
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Table 1 
Data Co/Pd multilayer. In the table two values of M, are given: M,(Co-vol) which is the magnetization corresponding to the total 
Co volume and M~(T-vol) which is the magnetization corresponding to the total multilayer volume 
Sample tco t I'd M,(Co-voi) Hc(p~rm M r / M, M~(T-vol) K~n 0 k 
[.~,] [A] [kA/m] [kA/m] (perp) [kA/m] [kJ /m 3] [deg] 
PAr = 7.5X 10-2mbar; Co-rate 1.23,~/s and Pd-rate 3.33,~,/s, seedlayer 200,~ 
901203-1 2.1 13.6 2426 165 0.88 319 2000 0.06 
910111-2 4.3 14.3 1581 88 0.97 366 1548 0.12 
910128-2 6.7 14.3 1570 18 0.10 504 530 0.15 
910129-2 8.2 14.3 1612 11 0.05 591 290 0.17 
910130-2 10.4 14.3 1500 8 0.02 634 -74  0.20 
910131-2 16.6 14.3 1385 12 0.02 745 -373 0.23 
910201-2 22.7 14.3 1340 12 0.02 823 -486 0.22 
PAr = 7.5 X 10-2mbar; Co-rate 1.46 A/s  and Pd-rate 4.36A/s, seedlayer 200,~ 
910808-1 2.3 14.1 2445 152 0.96 341 1615 0.05 
910807-1 4.5 14.1 2026 96 0.96 492 1006 0.09 
910809-1 6.8 14.1 2055 40 0.11 669 213 0.13 
910814-1 8.5 14.1 1850 36 0.10 703 42 0.14 
910816-1 12.7 14.1 1759 24 0.05 826 -306 0.18 
PAr = 7.5X 10 -z mbar; Co-rate 1.46 A /s  and Pd-rate 4.36,~/s, seedlayer 14,~ 
910808-3 2.3 
910805-3 4.5 
910809-3 6.8 
910814-3 8.5 
910816-3 12.7 
PKr = 6.5 X 
910618-1 
910617-1 
910613-1 
910620-1 
14.1 2445 80 0.98 341 1471 
14.1 2110 30 0.29 513 818 
14.1 2055 8 0.02 669 131 
14.3 1850 16 0.04 703 - 35 
14.1 1759 16 0.04 826 - 370 
10-2 mbar, Co-rate 0.99 A/s  and 
2.2 14.1 2055 
3.7 14.1 1876 
5.6 14.1 1639 
10.1 144 1478 
Pd-rate 2.81 ,&/s, seedlayer 200/~, 
104 1.00 275 1330 0.05 
61 1.00 352 778 0.09 
44 0.28 465 246 0.11 
16 0.07 611 - 565 0.18 
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Fig. 1. Low angle X-ray reflection scan for a multilayer sputtered with Ar (a) or Kr (b) for two different seedlayers. 
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Fig. 2. TEM photographs of a Co/Pd film (200 ,~,+ 25(10.5 A+ 14.3 ,~)): (a) bright field image; (b) dark field. 
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layer between the Si substrate and the multilayer. 2 
The crystallographic properties and the layered 
structure of the films were studied by low angle ~" 
E 1 X-ray measurements and by TEM. 
The magnetic fields applied at the vibrating --'-~ 
sample magnetometer and at the torque magne- ~- o 
tometer were at maximum respectively 800 and N-" 
1400 kA/m. The coercive field (He), the rema- 
nent magnetization (M r) and the saturation mag- ~-1 
netization (M~)were calculated from the perpen- 
dicular hysteresis loops. From the torque mea- -2  
surements the surface anisotropy constant (K~) 
and the volume anisotropy constant (K~) could 
be calculated. The hyster,:As loops were also 
measured v-ith a Kerr-tracer. From these mea- 
surements he Kerr-rotawm (O k) was determined. 
For one series also the reflectivity of the films 
was measured with the Kerr-tracer and together 
with O k a figure of merit could be calculated. 
3. Results and discussion 
3.1. Microstructure 
Except for the X-ray measurements most of 
the figures shown here are derived from the data 
presented in table 1. 
From the low angle X-ray measurements it 
seems (fig. 1) that the interfaces in films with a 
thin seedlayer of 14 ,~ (solid line) are sharper 
(higher oBragg peak) than with a thick seedlayer 
of 200 A (dotted line). Only in a few films z clear 
layered structure can be detected by low angle 
measurements, even when no seedlayer is used, 
but the plots in figure 1 do give a trend. TEM 
pohotographs (fi~g. 2) of one of the films (200 
A + 25 x (10.5 A + 14.3/~)) clearly show the lay- 
ered structure. A columnar structure (diameter 
400 ,~,) exists, with a convex curvature of the 
surface with a height of approximately 50-75 ,~, 
within the large columns, a fibre-like structure 
can be detected (see photograph). The layered 
structure seen in the large columns is following 
the surface curvature. It means that the inter- 
faces are not flat but can deviate from the sub- 
strate plane as much as 14 °, which is together 
with a larger surface roughness caused by the 
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..-x,~ PAr,tPd(.seed)= 14 A, higher rate 
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Fig. 3. Kclftco vs. tco for different sputter gasses, pressures, 
seedlayers and rates. 
seedlayer most likely the reason why the layered 
structure does not show in the low angle X-ray 
measurements. To study the layered structure 
with X-ray methods, high angle measurements 
will probably give better results, because the 
roughness of the surface and the interfaces is in 
that case a less disturbing factor. Similar results 
for Co /Au  multilayers are mentioned by Folkerts 
et al. [9] and for Co/Pd and Co/Au by Hakkens 
[10]. Whether stress caused by the misfit of Co 
and Pd (10%) is the reason for the curvature or 
the growth process through nucleation and shad- 
owing remains to be seen. 
3.2. Anisotropy contributions 
The effective anisotropy Kef f (per unit Co vol- 
ume) is calculated from the torque curves and 
include also the shape anisotropy. With tco Kef f = 
2K~ + tco K v both the surface and the volume 
anisotropy constants K, and K,, can be obtained 
from fig. 3. It seems from these curves that in the 
case of films sputtered with Ar and for tco > tcrit 
the surface anisotropy which is thought to be 
responsible for the perpendicular anisotropy is 
varying between K, = 0.40 and 0.53 x 10 -3 J /m 2 
depending on the thickness of the seedlayer and 
the sputter-rate. The thickness of the Co layer 
where the structure changes from coherent to 
incoherent is called tcrit [8]. The volume 
anisotropy for films sputtered with Ar is in all 
cases the same K,, = -0.98 × 106 J /m 3. For films 
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loops for different Co thicknesses, puttered with Ar at a higher rate on a seedlayer of 200 ,~ Pd. The dotted 
lines show the in-plane and the solid lines the perpendicular loops. 
sputtered with Kr these values are K~ = 0.50 x 
10 -3 J /m 2 and K,. = -1.1 x 106 J /m 3. Compar- 
ing these results with what has been found by 
others [2,5,7] is difficult because the deposition 
conditions, which can have a large influence on 
the anisotropy, were not the same. Because the 
K v for all the films sputtered with Xr is the same 
and independent of the sputter 1 e and of the 
thickness of the seedlayer, means that the change 
in the Kcf f is due to a change in the K~. Accord- 
ing to den Broeder et al. [8] there are two contri- 
butions to E,  in the case of incoherent films 
( tco> tcrit) , one due to the misfit strain anisotropy 
K,~ and the other K N the NEel surface anisotropy. 
In the case of coherent films (t o < tcrit) only the 
K N has a contribution to K,. In our case (fig. 3) 
it seems that all our films have a K N of approxi- 
mately 0.12 × 10 -3 J /m 2. The films sputtered 
with the lower rate have the highest K A = 0.44 x 
10 .3 J/m:' (K~=0.53 × 10 -3 j /m2) ,  the films 
sputtered with the higher rate have independent 
of the seedlayer the same value for K A = 0.28 x 
10 -3 J /m 2 (K s = 0.40 x 10 -3 J /m E) and in the 
films sputtered with Kr the strain anisotropy is 
higher again K,~ = 0.37 x 10 -3 J /m 2 (K~ = 0.5 x 
10 .3 j /m2) .  It means that the difference in the 
K~ for the different series is coming from strain 
mainly. The films sputtered with Ar seem to 
suggest a tc,~t = 4.5 A independent of the sputter 
rate and the seedlayer thickness, while the t~H t
for the films sputtered with Kr tends to a lower 
value. Whether  this value of 4.5 ,A is a coinci- 
dence or really shows an agreement between the 
experiment and the theoretical value mentioned 
for Co /Pd  by den Broeder et al. [8] and van der 
Merwe et al. [11] remains to be seen. 
3.3. Magnetic properties (H,., M,) 
In fig. 4 a typical series of hysteresis loops is 
shown versus tco. Depending on the sputter pa- 
rameters the hysteresis loops are square (M,/oM ~ 
approximately 1) for t,:.,, less than 3.5 to 4.5 A. 
Fig. 5 shows the dependency of the H c on the 
sputtering pressure for two different thicknesses 
of Co and Pd. The higher coercivity with higher 
sputtering pressures is probably due to the fact 
that the reflected neutral Ar atoms have less 
energy because of a shorter mean free path giving 
rise to less mixing of the Co and Pd atoms at the 
interfaces [6] and consequently a laTger K,m. A 
decreasing coercivity with an increasing thickness 
of the Co layer as shown in fig. 7 is also normally 
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found. From the films sputtered with Ar it can be 
seen that the seedlayer has the largest influence 
(figs. 6 and 7). In fig. 6 it can also be seen that 
Kef f increases with the seedlayer thickness while 
in section 3.2 is shown that an increase of K~ff is 
probably caused by an increase in K,. So the 
increase in coercivity is probably partly caused by 
an increase of the surface anisotropy K, with 
increasing seedlayer thickness and partly by an 
increased roughness of the surface and interfaces 
of the film. Above a seedlayer thickness of ap- 
proximately 200,4, H~ remains the same probably 
caused by a decreasing K¢t r and an increasing 
surface roughness. The films sputtered with Kr 
cannot be compared properly with the Ar sput- 
tered films because the deposition parameters 
(rate and gas pressure) are not the same but it 
200 
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Fig. 7. The ftc~p~,m vs. to., for different sputter gasses, pres- 
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Fig. 8. M,(Co-vol)  vs. t(.,, for different sputter gasses, pres- 
sures and rates. 
does not seem that the films sputtered with Kr 
show a tendency to higher coercivities as is the 
case with Co/Pt  multilayers [6]. 
The magnetization for the films with perpen- 
dicular anisotropy is quite high, especially for the 
ver3" thin tco region (fig. 8), but is comparable 
with the magnetization for evaporated films dis- 
cussed in ref. [1] and probably due to an increase 
of the magnetic moment o* the Co and a polar- 
ization of the Pd layers. 
3.4. Magneto-optical properties 
The hysterese loops measured with the Kerr- 
tracer did not show much difference with the 
VSM loops. The coercivity and the squareness of 
the loops were the same. The Kerr rotation (fig. 
0.3 0.06 
PAr, tPd(seed)=200 A. lower rate 
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0.2 " -  -0 .04 (D 
(:1) ," ~- 
G) 0.1 -0.02 O 
I ,  
o.o o.oo 
0 ~ 1'0 1% 2'0 25 
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Fig. 9. O k and the FOM vs. t(.,, sputtered with Ar at a lower 
rate on a seedlayer of  200 ,% Pd. 
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9) we found was in agreement with what others 
[5,6] have found. From one series of films also the 
reflectivity (R) was measured and the figure of 
merit was calculated FOM = OZR and is plotted 
in fig. 9. The FOM found is also in agreement 
with the values found by others [5]. 
the X-ray measurements. This work was sup- 
ported by the EC CAMST initiative (Community 
Action on Magnetic Storage Technology). 
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4. Conclusions 
The differences in the anisotropy of our films, 
which are sputtered with Ar, are mainly caused 
by differences in the surface anisotropy. Films 
sputtered with Kr are not showing better proper- 
ties then films sputtered with Ar. 
In general it seems that the magnetic and 
magneto-optical properties of our films sputtered 
at high pressure are comparable with what is 
found for evaporated films. With evaporated films 
however it looks as if the interfaces are better 
defined. 
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